Towards Next Generation Photovoltaic Inverters 


Yaosuo Xue!, Kurthakoti C. Divya’, Gerd Griepentrog’, Mihalache Liviu’, Sindhu Suresh', and Madhav Manjrekar’ 
‘Corporate Research, Siemens Corporation, Princeton, NJ 08540, USA 
*Corporate Technology, Siemens AG, Erlangen, 91058, Germany 
3Smart Grid Applications, Siemens Energy, Wendell, NC 27591, USA 
Email: yaosuo.xue@siemens.com, gerd.griepentrog@siemens.com 


Abstract—Solar energy is under push to reach “grid parity” 
without additional subsidies and favorable policies. While cost 
and reliability are major concerns for both photovoltaic (PV) 
panels and PV inverters, comparable or exceeded grid 
functions and power quality can further help solar power 
become competitive to conventional generation technologies in 
the wholesale electricity market. This paper gives an overview 
of future development trends of PV inverters and proposes 
new requirements for next generation PV inverters under 
smart grid and/or microgrid environments. Approaches to 
address these requirements are also discussed from the 
research methodology perspectives. The goal of this paper is to 
draw the interests of the industry and academia in the new 
technical challenges of next generation smart PV inverters in 
addition to the “dollar per watt” overall PV system cost target. 


I. INTRODUCTION 


As one of the most promising renewable and clean 
energy resources, solar photovoltaic (PV) power has been 
growing [1-4] under the shadow of favorable regulatory 
policies through various financial incentives and feed-in 
tariffs. Utility interconnection requirements, in the past, have 
also been less stringent for solar power plants. Compared to 
conventional fossil fuel generators and even wind power 
plants, solar power generations were not required to ride- 
through utility faults and the only requirement is not to 
contribute to the fault current during grid ground fault. 
Moreover, solar power is not imposed to any financial 
penalty due to energy imbalance in the electricity spot 
market. As a demand-side management tool or market price- 
taker, solar power has not been able to compete with other 
players in the wholesale electricity market before reaching 
the PV grid parity, which is estimated installed PV system 
cost of $1 per watt or 5-6 cents per kWh in terms of levelised 
cost of electricity (LCOE) by US Department of Energy [5], 
as shown in Fig. 1. Based on DOE’s SunShot Initiative, the 
dollar per watt cost can enable an over 18 percent solar 
power penetration level in the US by 2050. 


With the demanding of high penetration, lower cost and 
higher reliability have been called for solar power systems, 
including photovoltaic cell or panels and the balance of 
system (BOS), including PV inverters. PV inverters 
demonstrate different architecture, power and voltage levels, 
and cost, when deployed with single panel, residential, 
commercial building and utility scale installations. Although 
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they share some common targets and trends, utility-scale PV 
installations or solar farms assume a significant role in 
driving the cost down and increasing the penetration level. 


$3.50 540 

$0.22 i 

@ Power Electronics 
$3.00 ® BOS/Installation 
eco $2.20 ® Module 
$2.00 |— 
$1.50 |— 
$1.00 

$1.00 |— $0.10 
$0.0 © 


2010 2016 


$1/Watt 


Figure 1. PV system installed price [5]. 


Topics of next generation PV inverters have constantly 
been addressed during different times in the past with 
different focuses. Earlier discussions [11-19] focused more 
on the solar farm architecture from centralized inverter, to 
string inverter, and to distributed micro-inverter 
architectures, driven by increasing plant size and improved 
energy yield. Later, major concerns aroused on reliability of 
PV inverters [21-33]. While reliability is required to match 
the lifetime of PV modules, low cost and high power density 
recently become the most important targets [5-10] for PV 
inverters in all application segments to achieve high 
penetration and future energy security. For the same purpose, 
PV inverters with smart grid functionalities [36-39] are 
among the future trends. 


This paper will present an overview of the future trends 
of utility-scale PV inverters in various aspects, propose new 
solar plant architecture with medium-voltage dc bus, and 
emphasize particularly on the performance and multiple 
functions of “smart inverters” in the rapidly developing 
smart grid or microgrid environment. Approaches to address 
various challenges will be also discussed. 


II. | REQUIREMENTS FOR NEXT GENERATION PV 
INVERTER 


Driven by market, technologies advancing of 
semiconductor and magnetic components, and smart grid 
interoperability and operation integration, next generation 
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utility-scale PV inverters are expected to meet and 
demonstrate the following requirements, merits and features. 


A. Cost Reduction Requirements 


The cost of PV inverters accounts for 8~12 percent of 
overall PV system cost, and has been driven down to 
approximate 25 cents per watt based on 2010 market 
research in [6]. However, to help overall PV system cost 
reach the “dollar per watt” target, the cost of utility-scale PV 
inverter is targeted to drop down to about 10 cents per watt 
by 2017 [5] as illustrated in Fig. 2. 
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Figure 2. Potential cost reduction in utility-scale PV inverters (from US 
DOE SEGIS-AC). 


B. Higher Reliability Target 


While the field test data has demonstrated the solar 
panels can perform very well for more than 25 years, the 
reliability of PV inverters is still to be improved. The major 
indices for reliability are mean time to first failure (MTFF), 
mean time between failures (MTBF, the inverse of failure 
rate), or mean time to failure (MTTF), and lifetime/volume 
ratio [25]. The MTFF of PV inverters is expected to be over 
10 years and the lifetime shall reach 30 years. 


The reliability of solar PV system is associated with solar 
farm architecture, PV inverter topology and major 
components such as semiconductor devices, capacitors, and 
fuses. Statistically centralized architecture is treated more 
reliable than distributed architecture because of less part 
count and easy maintenance. However distributed structure 
provides easy scalability and redundancy and reduces the 
potential effects on the system in case of individual failure. 
For next generation PV inverters, the approach of design for 
reliability shall be adopted with modular and redundant 
topologies, new energy buffering methods, and high 
temperature semiconductor devices. 


C. High Power Conversion Efficiency and Performance 
Ratio 


PV systems are typically evaluated by energy yield, 
efficiency, and performance ratio [34-35]. The performance 
ratio, or capacity factor, is defined to be the ratio of the solar 
energy actually used or feed into grid to the energy 
theoretically available. Architecture, efficiency, and peak 


power tracking capability all contribute to the performance 
ratio. 


It is generally thought that distributed inverter 
architecture will have better energy harnessing because of 
individual MPP tracking to avoid the panel mismatch and 
partial shading in a string inverter or centralized architecture. 
However, sizing of PV inverters and architecture selection 
depend on many factors, including the cost, reliability, and 
overall panel-to-grid efficiency. Innovative topologies and 
improved MPP searching algorithms can also address the 
mismatch and shading issues. PV inverters with a wide dc 
operating range can be desired. In general, above 98% of 
power conversion efficiency is required for next generation 
PV inverters with the help of new semiconductor devices and 
magnetic materials. Both high efficiency and high energy 
yields are desired. 


D. “Smart Inverters” with Power Quality and Grid 
Support Functionalities 


Renewable power is intermittent and inherently non- 
dispatchable. Like wind power, simple fuel-saver integration 
of solar power expose impact and challenge to power system 
operation. Traditionally, PV inverters are required to de- 
energize and disconnect from the grid in occurrence to grid 
abnormal and fault. In the future, PV inverters will evolve 
from solely grid-feeding function to multi-functional smart 
inverters [65-67], which can provide ancillary services in 
distribution grid, enhance grid reliability and power quality, 
and support grid voltage and frequency stability. By joining 
grid as a “good neighbor”, smart PV inverters will in return 
further promote the penetration of solar power. 


Today most of the commercial PV inverter power 
controls are designed so as to extract maximum power from 
the sun using maximum power point tracking (MPPT) 
controls. However, with the emergence of smart grid 
technologies and the increasing in PV penetration, this trend 
is changing. 


From operation perspective, dispatchable power 
capability is desired. Power level limiting functions will 
allow the grid operator to control solar power output in 
downward. Incorporated with energy storage [20], PV 
inverters can be fully dispatchable like conventional 
generators. Power flow and energy storage charge/discharge 
scheduling and dispatching can be revenue-optimized to 
balance solar power generation for demand response or day- 
ahead market trading. 


Grid interconnection requirements require enhanced PV 
controls that would assist in reliable operation of the electric 
grid. The grid codes specify the desired PV _ plant 
performance in the normal and disturbance operating states 
of the grid. During normal grid operation, i.e. for voltage 
variation of +/- 10% around nominal and frequency variation 
between 59.5 to 60.5Hz, the PV power plants are required to 
stay connected and supply maximum power to the grid. 
However beyond this range, different grid functionalities are 
specified, depending on whether the PV inverters are 
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operating as DG, i.e. connected to distribution system, or 
they are large farms connected to the transmission network. 


Currently, the PV plants operating in a distribution 
system are required to meet IEEE 1547 standard. According 
to IEEE 1547, the PV inverter must trip if the 
voltage/frequency exceeds the normal operating range. Fig. 3 
shows the maximum trip time for different voltage 
magnitude. For example the PV inverter must trip within 
0.16s if the voltage either exceeds 1.2 p.u. or falls below 0.5 
p.u. A similar specification exists for frequency too, i.e. the 
PV inverter (< 30kW) must operate normally when the grid 
frequency varies within 59.3-60.5 Hz and must trip before 
0.16s for frequency below 59.3Hz or above 60.5Hz. For PV 
power plant with installed capacity larger than 30kW, the 
maximum trip time for frequency range between 59.8-57Hz 
should be settable between 0.16-300s. 
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Figure 3. Grid voltage curve and trip timing defined in IEEE Std. 1547. 


IEEE 1547 also addresses power quality issues like 
flicker, total harmonic distortion (THD) etc. Amongst all 
these, the anti-island detection is one of the most challenging 
requirements for the PV inverter. IEEE 1547 requires smart 
functionalities that will enable it to distinguish transient fault 
from permanent power outage, and disconnect or trip the PV 
source from grid within 2 seconds. 


However, for large PV farms (normally > 1OMW) 
connected to the transmission system, slightly different 
interconnection requirements or grid codes are specified. 
Grid codes are technical requirements which electricity 
generators have to meet for secure operation of electrical 
grid. Grid codes vary from country to country and depend on 
the transmission or Independent system operator. In USA, 
Federal Energy Regulatory Commission (FERC) has the 
authority to regulate the interconnection requirements. FERC 
Order No. 661 and 661-A has defined the interconnection 
agreements for wind energy and other alternative 
technologies. Of late, there are tendencies to expand the 
wind grid codes to solar power, from transmission to 
distribution, and from 20 MW above plant to 10~20 MW 
plant and eventually to the plant less than 10 MW. 


The grid codes specify that the PV power plants must 
meet grid stabilizing requirements like fault ride-through and 
frequency ride-through. Fig. 4 summarizes the fault ride- 
through (FRT) requirements for a PV inverter specified by 


some of the major ISOs in North America. As shown in the 
figure, the PV inverters must remain connected and operate 
during grid voltage transients (high or low or zero voltages). 
For example according to the NERC requirement during a 
grid transient fault, the PV inverters are required to remain 
online for 150 ms and supply reactive power to support grid 
voltage recovery. In addition to the low/high voltage ride- 
through requirements, the NERC and WECC also specify 
frequency ride-through requirements in Fig. 5. These 
requirements are still evolving and might change in future. 
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Figure 4. Voltage ride-through capabilities required by different 
oraganizations and utilities. 
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Figure 5. Frequency ride-through curves by NERC and WECC. 


In future, with more number of distributed and large- 
scale PV farms being installed, there is also a trend to 
increase the grid control functionalities for the PV inverters 
connected to transmission/distribution system. For PV 
inverters connected to distribution system, smart power 
quality functions such as flicker mitigation, active filter, 
unbalance compensation, active load balancing power 
factor/reactive power control, voltage regulation, voltage 
sag/swell mitigation controls and harmonic filtering may be 
required in future. On the other hand, for the large scale PV 
farms connected to transmission system, some of the grid 
stabilizing features applicable for wind power plants like 
inertial response, over-frequency stabilization, dynamic 
voltage control, power system oscillation damping, voltage 
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stability enhancement, HVDC compatibility. There is also an 
on-going debate as to whether renewable like wind and solar 
can/should provide ancillary services like primary frequency 
regulation, spinning reserve, balancing power, and black 
start. If these requirements are imposed in practice then the 
renewable power plants will need “economical and reliable” 
storage solutions, which at present is not commercially 
viable. Hence, there is an ongoing research on finding 
technologies / solutions or examining if renewable sources 
like PV could be used to provide such ancillary service. 


In summary, the so-called “smart inverter” [36-39] 
features with the smart grid functionality, which can be 
defined to be a set of utility functions, including ancillary 
services by providing voltage and frequency regulations, grid 
voltage support and fault ride-through capabilities, and 
power quality enhance functions. Unlike machine-based 
synchronous generators, PV inverters can inherently provide 
various power quality compensations through intelligent 
power electronics and controls. 


E. “Smart Inverters” with Smart Grid Interoperability 


With the revolution of smart grid, there is a need to 
develop standard communication and control protocols 
between solar PV inverters and distribution management 
system [40], which can improve the electric grid’s 
monitoring and management capabilities and better exploit 
the solar DG benefit. Currently two industry smart inverter 
communication initiatives [41-42] are working to define a 
common set of functionalities and to map them into IEC 
61850, DNP3, and SEP2 frameworks. Future PV inverters 
are likely to be required to meet these standardized 
communication requirements and control interfaces or 
“smart inverter functions”, which currently include the 
following: 1) connect/disconnect from grid, 2) power output 
adjustment, 3) var management, 4) storage management 
(charging / discharging), 5) event/history logging, 6) status 
reporting / reading, 7) time adjustment, 8) voltage sag ride- 
through, 9) watt-voltage management (transient and steady- 
state), 10) watt-frequency management, 11) islanding, and 
12) additions to state/status monitoring. 


F. Grid Control Capabilities in a Microgrid 


PV inverter can be one of major distributed energy 
resources in a microgrid, which can be regarded as a weak 
grid in the sense of no single generator weighing over others. 
Today’s PV inverters typically only operate in grid 
connected mode. PV inverters in such a distributed 
generation environment shall be capable of blackstarting and 
establishing microgrid voltage, with the help of energy 
storage connected to dc link, and be able to stabilize the 
voltage and frequency of weak grid and share the load with 
others. Automated intelligent controls within each inverter 
will be required to make its own P/V and P/Q decision based 
on local measurements. 


Proper load sharing needs to be implemented through 
coordinated communication and control or droop controls in 
a less inductive network. Distributed reactive power control 
algorithms are required to guarantee effective voltage 


regulations among multiple DGs interconnected in the same 
bus. Seamless transfer mechanism is also required for PV 
inverters switching between macrogrid interconnection mode 
and microgrid operation mode. 


II. TECHNICAL TRENDS AND APPROACHES 


Requirements aforementioned will drive the research and 
development of next generation PV inverters to use cost- 
effective techniques, highly reliable and efficient system 
architecture and components, new inverter topologies, and 
new control methodologies for power quality enhancement 
and grid code compliance. 


A. New Architectures and Topologies 


Traditionally solar farms have centralized inverter 
architectures. Today, string inverter architectures (single- 
string or multi-string) have been widely used in utility-scale 
solar farms. The concept of ac modules was proposed for 
residential PV systems in the 1990s, and is recently revisited 
to form distributed micro-inverter architecture for 
commercial solar farms, which is proposed to improve 
energy yield with distributed solar power tracking using dc- 
dc converters attached to each PV panel. However cost, 
reliability and maintenance concerns have kept an 
intermediate solution as the mainframe between fully 
centralized and completely distributed architectures. 


The topologies of utility scale PV inverters are moving 
towards multilevel structure [63-64], which provides better 
harmonic spectra and facilitate lightweight filtering 
components. This also brings the potential to eliminate heavy 
and bulky line-frequency transformer to directly connect to 
480V ac in a bipolar de configuration, or to medium voltage 
ac line in a solar farm with medium voltage DC (MVDC) 
architecture in Fig. 6. MVDC architecture also helps reduce 
the wire power loss and cost within the solar farm. Various 
modular structures can be adopted as shown in Fig. 7 and 
Fig. 8, which provide scalability and redundancy for 
reliability. To reduce cost, research focuses on low voltage 
transformer-less inverter paralleling and single inverter with 
high power density. This parallel structure also enables the 
possibility to deploy interleaved PWM techniques to increase 
the switching frequency as seen in the filter. For the de input 
side, a dc-dc converter or passive Z-source network can be 
used to provide a wide MPPT range so as to use the inverter 
for PV panels with different characteristics and technologies. 
Table 1 summarizes some of the potential ideas for next 
generation PV inverters, compared to the state-of-the-art PV 
inverters. 


For residential PV inverters, research efforts are towards 
split-phase inverters, various buck-boost topologies [59-60], 
and converter-based power decoupling of single-phase 
double-line-frequency pulsating power from constant dc 
power matching MPPT. 
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Figure 6. Medium voltage DC solar farm architecture. 
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Figure 8. Various modular structures. 


TABLE I. POTENTIAL NEXT GENERATION PV INVERTER IDEAS 
State-of-the-Art Next Generation 
Topology Two-level Multilevel topology; 


Parallel structure; 
Modular structure. 


Max. DC Voltage 


600 V or 1000 V 


1500 V; 
22 kV or higher. 


Voltage Elevation 


Line transformer 


dc-dc boost converter; 
Z-source network; 


MVDC architecture. 
Switching Si-IGBT, < 10 kHz. SiC, > 10 kHz 
Devices & 
Frequency 
Parallel Operation | Through transformer Direct paralleling 
Soft Switching No. Possible. 


Energy Buffering | Electrolytic capacitor Active power decoupling, 
advanced storage, etc. 

Galvanic Low-frequency High-frequency 

Isolation transformer transformer 

Thermal Forced-air and air- Advanced cooling 

Management conditioning container considering maintenance 

Packaging Panel mounted Planar and compact 
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B. New Power Semiconductor Devices, Components, and 
Magnetic Materials 


Latest power switching devices, e.g. IGBT, are 
approaching the theoretic limits of silicon characteristics 
[43]. Wide bandgap materials, such as silicon carbide (SiC) 
and gallium nitride (GaN), are the most promising materials 
for next generation power devices. SiC and GaN devices can 
operate in high temperature (at more than 300 °C in junction) 
and high frequency (at MHz) with low conduction loss, 
which can significantly power density. For PV inverters, the 
specific interests of utilizing these devices are to improve the 
power conversion efficiency and to decrease the overall cost. 
The state-of-the art utility scale PV inverters have recorded 
96 to 97.5 percent efficiency in a laboratory testing 
environment based on California Energy Commission (CEC) 
efficiency. It is envisioned that using SiC devices can 
increase the power conversion efficiency up to 99 percent. 


Based on their characteristics and current technology 
development, GaN devices are more appropriate for PV 
inverters with dc voltage of 900 V and below, while SiC 
devices for above 900 V applications. Commercialized 1200 
V, 33 A SiC MOSFETs have been released and 100 A 
devices are developed for army research. Although SiC/GaN 
devices have been reported for residential solar applications 
[44-50], high power and high voltage SiC/GaN devices are 
still under development. We expect a_ technology 
breakthrough in high voltage SiC devices, e.g. 15 kV, which 
can be used in direct medium voltage access PV inverters. 


The production cost of individual SiC/GaN device or 
module is still high compared to Si devices. GaN film on 
silicon wafer can utilize the mature metal-oxide- 
semiconductor fabrication process, and thereby enabling 
high volume and cost effective production. For high power 
utility scale PV inverters, tens of kilo hertz switching 
frequency can help reduce the filter size and cost. 


New magnetic materials [51-52], such as powdered-iron, 
nickel-zinc ferrites, and Fe-based soft-magnetic nano 
composites, exhibit high flux density and low loss for high 
frequency operation. With increased switching frequency, 
magnetic components with low loss and high power density 
are required for input/output filtering inductors and 
intermediate high frequency transformers. Although utility 
scale PV inverters will still operate in kHz range, new 
component designs and fabrication methods, incorporating 
advanced magnetic core materials and windings, can be 
optimized in conjunction with circuit designs to maximize 
system efficiency while minimizing size and cost. 


Reliability and size of dc-link electrolytic capacitors are 
always blamed due to temperature and power cycling [53]. 
Voltage ratings and capacities of film, ceramic, or tantalum 
capacitors are increasing, which can provide better reliability 
and lifetime. Active energy buffering approaches [54-58] are 
also on future research focus, such as active power 
decoupling, high-frequency transformer, various ripple 
reduction techniques, and low frequency switched capacitor 
topologies. 


C. New Controls and Grid Codes Compliance 


Broadly the PV inverter control structure can be 
categorized into two types based on the operating mode, i.e. 
stand alone or grid connected, and based on the type of grid 
functionality they can provide. There are two main grid 
control features: a) grid stabilizing and b) power quality. The 
grid stabilizing features are normally used in large capacity 
PV farms connected to the transmission system while the 
power quality functionality applicable for both small and 
large PV plants. Fig. 9 summarizes the various grid 
integration control concepts developed or likely to be 
examined. From this it may be seen that the PV inverter can 
be operated in grid connected or stand alone mode. Also, 
there are controls being developed or investigated to ensure 
smooth and seamless transfer of power while transitioning 
from the grid connected to the stand alone mode or vice- 
versa. The transitioning from grid connected to stand alone 
mode is called islanding and today control algorithms exists 
to detect islanding. These controls are often referred to as 
anti-islanding detection (AID). There are several types of 
anti-islanding detection algorithms used at present or being 
proposed. Some AID algorithms use only the grid 
measurements to detect islanding, while others perturb the 
grid by injecting external signal and then measure the grid 
voltage and/or current to detect islanding. Each of these 
concept has its own merits and in order to estimate the 
applicability of any algorithm, the following metrics are 
used: i) selectivity ii) stability and reliability. 
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Figure 9. Summary of PV grid integration controls. 


The reverse transition, i.e. from stand alone to grid 
connected mode requires a re-synchronizing switch if the 
inverter is directly connected to the grid, or a mode transfer 
detection if there are local loads and the main utility/grid 
switch is remotely located. The re-synchronizing switch is 
normally a standard phase sequence synchronizer which 
closes when the phase difference between the two measured 
voltages are very close. The mode transfer switch is a bit 
more advanced concept where the PV invert must detect if 
it’s operating in stand alone or in grid connected mode. 


A detailed control algorithm reviews are beyond the 
page limit of this paper. In the following sections, only the 
overview of control structures for grid connected mode and 
stand alone mode control are discussed. 


1) Grid Connected Mode 


Most commercially available PV inverter controls are 
designed to operate in grid connected mode in which they 
inject current proportional to the maximum power by using 
grid voltage as reference. Fig. 10 shows the overall structure 
of the grid connected controls. From this it may be seen that 
by design, these controls cannot operate if there is no 
reference. For stable operation of these controls, it is 
necessary that the inverter should be connected to a strong 
grid and have a stable reference. These controls cannot 
support island operation mode or black start due to the lack 
of reference. 


3 Phase AC 


PQ CONTROL 


Figure 10. Overview of PV inverter controls - current control. 


2) Stand Alone mode 


Fig. 11 shows the voltage control structure for PV 
inverters. This voltage control structure and operation 
principle is similar to the conventional synchronous 
generator i.e. the inverter power angle (8) is controlled 
according to the desired active power transfer (1) 


P=V,V> Sin(8 VX (1) 


where P* is the maximum power obtained from the MPPT 
algorithm. 


In this manner the active power output of the inverter is 
controlled. The voltage magnitude at the inverter terminal is 
controlled independently by another set of controls. Since the 
voltage magnitude and angle are controlled independently, 
like in a synchronous machine this control structure is also 
commonly referred to in the literature as VSYNC (Virtual 
Synchronous Generator) or VSM. 


Since by design, these controls have the ability to 
generate their own reference signal, they can support black 
start and island mode of operation. However, there could be 
some challenges in implementing these controls in practice 
like the dc-link stiffness and current transients. The 
commercial viability of this technology will depend upon the 
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extent to which these challenges can be overcome. One of 
the key features of this control is that it can support both 
stand alone and grid connected modes of operation. 


3 Phase AC 
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CONTROL 


Figure 11. Overview of PV converter controls - voltage control. 


IV. CONCLUSION 


This paper reviewed future development trends of PV 
inverters. Significant cost reductions, long life time 
(equivalent to PV panels) and high reliability are immediate 
priorities for PV industry. This has posed research challenges 
on both industry and academia. Major approaches to reach 
these targets are addressed in the paper. While future 
residential PV inverters use a more distributed approach for 
scalability and efficient energy harnessing, utility-scale PV 
inverters move to high voltage and multi-MW power 
direction. It can be safely concluded that next generation PV 
inverters are “smart” inverters with multiple functions and 
known behaviors in both centralized and distributed energy 
management environments. 
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